). Phytoplankton communities also differed between the polynyas. Diatoms were thriving in the Mertz and Ninnis polynyas but not in the Dalton polynya, where Phaeocystis antarctica dominated. These strong regional differences were explored using physiological, biological, and physical parameters. The most likely drivers of the observed higher productivity in the Mertz and Ninnis were the relatively shallow inflow of iron-rich modified Circumpolar Deep Water onto the shelf as well as a very large sea ice meltwater contribution. The productivity contrast between the three polynyas could not be explained by (1) the input of glacial meltwater, (2) the presence of Ice Shelf Water, or (3) stratification of the mixed layer. Our results show that physical drivers regulate the productivity of polynyas, suggesting that the response of biological productivity and carbon export to future change will vary among polynyas.
Introduction
The oceans take up more than 25% of anthropogenic carbon dioxide (CO 2 ) emissions (Le Quéré et al., 2016) , thereby mitigating climate change. The Southern Ocean is responsible for 40% of this anthropogenic CO 2 uptake by the oceans (Khatiwala et al., 2009; Sabine et al., 2004) , a trend which has reinvigorated lately after receding between 2002 and 2012 (Landschützer et al., 2015) . While the largest net sink is in the vast sub-Antarctic zone, on the northern flank of the Antarctic Circumpolar Current (Lenton et al., 2013; Sallee et al., 2012) , considerable CO 2 uptake occurs in the continental shelf and coastal zone, including polynyas. For example, Arrigo, van Dijken, and Long (2008) estimated that CO 2 uptake in the Ross Sea was responsible for 27% of the total Southern Ocean CO 2 uptake.
The Southern Ocean CO 2 sink is due to a combination of circulation, temperature effects, and biological productivity. The response of the Southern Ocean and its biological pump to a changing climate will influence how much atmospheric CO 2 can be sequestered in the future (Constable et al., 2014; Sigman et al., 2010; Takahashi et al., 2009) . The most biologically productive regions of the Southern Ocean are pelagic regions downstream of landmasses, the marginal ice zone, and the continental shelf and coastal zone, including polynyas (Ferreyra et al., 2004) . The contribution of these regions to the total satellite-derived primary productivity of the Southern Ocean is 1.73 ± 0.06 Pg C/year for the open ocean, 0.16 ± 0.02 Pg C/year for the marginal ice zone, and 0.07 ± 0.01 Pg C/year for the continental shelf and coastal zone (Arrigo, van Dijken, & Bushinsky, 2008) . Relative to its size, the coastal region is by far the most productive, with satellite-derived mean areal production of 109 g C m −2 yr −1 compared to 54 g C m −2 yr
for the open ocean and 58 g C m −2 yr −1 for the marginal ice zone (Arrigo, van Dijken, & Bushinsky, 2008) .
Because the average phytoplankton concentration in polynyas is more than double that of all open waters around Antarctica (Arrigo et al., 2015) , polynyas are also recognized as regions harboring the highest densities of upper trophic level organisms in the Southern Ocean (Karnovsky et al., 2007) . Marinov et al. (2006) identified a biogeochemical divide in the Southern Ocean, where waters with a surface potential density of 27.3 kg/m 3 outcrop near the Antarctic divergence. North of the divide, Antarctic Circumpolar Current waters travel north because of Ekman transport driven by strong westerly winds. Surface nutrient drawdown in these Antarctic Circumpolar Current waters decreases the nutrient concentrations in the mode and intermediate waters that subduct in the region of the polar and sub-Antarctic fronts. Therefore, increased high-latitude drawdown of nutrients can lower productivity where mode and intermediate waters resurface at lower latitudes (Marinov et al., 2006) . In other words, according to Marinov et al. (2006) , increasing surface nutrient drawdown north of the divide has little net impact on global atmospheric pCO 2 , because biological carbon sequestration will either happen there or at low latitudes.
On the other hand, increasing surface nutrient drawdown south of the divide removes carbon from the surface and sequesters it in the ocean's interior for millennia, with the subduction of Antarctic Bottom Water (AABW), which lowers global atmospheric pCO 2 more efficiently (Marinov et al., 2006) . Shadwick et al. (2014) suggested that the formation and export of dense shelf water from the Mertz polynya and, by extension, similar polynyas around Antarctica, is an effective mechanism to transfer anthropogenic carbon to the ocean's interior. Given the longer residence time of AABW compared to the North Atlantic Deep Water (1,000 years compared to~300 years; England, 1995) , the contribution of this process to the global ocean CO 2 sink could be substantial. This motivates our interest in polynya productivity.
In polynyas, the onset of the spring bloom is primarily limited by surface irradiance, ice cover, and periodic deep mixing due to katabatic winds . It is only when the mixed layer (ML) has become stratified that phytoplankton growth can overcome losses . Phytoplankton growth is subsequently controlled by the major limiting nutrient in the Southern Ocean: iron (Martin et al., 1990; Moore et al., 2013) . Sources of iron in polynyas are subglacial rivers (Wright et al., 2012) , ice shelves (particularly if marine ice is present; Herraiz-Borreguero et al., 2016) , icebergs (Duprat et al., 2016; Raiswell et al., 2008) , prolonged contact of Fe-rich sediments with upwelled Circumpolar Deep Water (CDW; Arrigo et al., 2015; de Jong et al., 2012; Measures et al., 2013) , melting sea ice (Grotti et al., 2005; Lannuzel et al., 2010) , and atmospheric deposition in a few particular places (de Jong et al., 2013) . The melting rate of the neighboring ice shelves was identified as the main driver of primary production in 46 coastal polynyas around Antarctica (Arrigo et al., 2015) . Because these shelves are rapidly losing mass due to climate change (Paolo et al., 2015) , their influence on productivity is of regional and global importance.
The objective of this study is to understand the drivers of the observed differences in phytoplankton biomass and primary productivity between three polynyas in East Antarctica: the Dalton, the Mertz, and the Ninnis polynyas. These areas were explored in late December to early January 2016-2017, at the peak of the growing season.
Materials and Methods
The R/V Aurora Australis sailed to the Dalton polynya (near the Moscow University Ice Shelf), the Mertz polynya (facing the Mertz Glacier Tongue), and the Ninnis polynya (in front of the Ninnis Glacier) between 8 December 2016 and 21 January 2017 (Figure 1a ). In the Dalton polynya, conductivity, temperature, and depth (CTD) rosette casts were distributed around margins demarcated by the Moscow University Ice Shelf to the south, the Dalton Iceberg Tongue to the east, 50 km of thick first-year pack ice to the north, and former land-fast sea ice to the west (Figure 1b) . Observations were made in the Dalton polynya between 30 December 2016 and 2 January 2017. The Mertz polynya was surrounded by the Mertz Glacier Tongue to the south, large icebergs (B09B and C-15) that blocked land-fast sea ice from drifting to the west, and a field of icebergs to the east (Figure 1c ). The Ninnis polynya was bounded to the west by former land-fast sea ice and the Mertz Glacier Tongue, to the south by the coast, and to the east by the Ninnis Glacier and land-fast sea ice (Figure 1c) . The Mertz and Ninnis polynyas were studied between 9 and 13 January 2017.
Sea Surface Parameters
Surface seawater was obtained from the main underway system on board R/V Aurora Australis. The seawater intake was located 6.3 m below sea level. Sea surface temperature and salinity were measured every 5 s using a water temperature probe (SBE-38, Sea-Bird Inc., Bellevue, USA) and a thermo-salinograph (SBE-21 TSG, Sea-Bird Inc., Bellevue, USA), respectively. Fluorescence of the underway seawater was measured with a WETStar fluorometer (WS3S-443P, Wetlabs, Sea-Bird Inc., Bellevue, USA).
Sea surface chlorophyll a (Chl a) was measured from the underway system on 44 occasions. Sea water samples of 525 mL were filtered onto 25-mm GF/F filters, extracted in 90% acetone, and stored in the dark at −20°C for 24-48 h before analysis (Holm-Hansen et al., 1965; Lorenzen, 1966) . Chlorophyll a was then measured with a Turner Trilogy fluorometer that had been calibrated with Chl a standards from Turner Designs (Sunnyvale, CA). Surface seawater fluorescence and Chl a correlated significantly (r 2 = 0.90, p < 0.01; Figure 2a ). Therefore, we calibrated the underway fluorescence with the measured sea surface Chl a. It is possible that nonphotochemical quenching at the sea surface under high irradiance periods led to a small underestimation of the sea surface Chl a (Buschmann, 1999; Kaufman et al., 2014) . However, given the strong differences in phytoplankton biomass we report in the present study, we believe that nonphotochemical quenching would not have changed the main results of this study. (a) MODIS-Terra visible image of eastern Antarctica, the three polynyas studied (Dalton, Mertz, and Ninnis), the sea ice, and the major glaciers and ice shelves on 4 January 2017 (source: NASA at https://worldview.earthdata.nasa.gov). Sentinel-1b SAR scenes and MODIS-Terra visible images of (b) the Dalton polynya on 4 January 2017 and (c) the Mertz and Ninnis polynyas on 10 January 2017 (provided by PolarView: http://www.polarview.aq/antarctic for SAR scenes and the NASA for MODIS-Terra). Several geographical features are indicated: the Totten Ice Shelf, the Moscow University Ice Shelf, the Mertz Glacier Tongue, the Ninnis Glacier, named icebergs, sea ice, and polynyas. Blue dots indicate CTD locations.
The ratio of dissolved oxygen and argon (O 2 /Ar) from the surface seawater intake was measured using a Pfeifer QMS200 quadrupole mass spectrometer and equilibrator inlet (Cassar et al., 2009 ). The Δ(O 2 /Ar) can be used to determine the net community production (NCP = gross primary production minus community respiration) of O 2 , as argon is an inert gas with a solubility similar to O 2 (Cassar et al., 2009) . By assuming steady state and neglecting vertical mixing, NCP can be estimated as
where k O2 is the gas exchange velocity for oxygen, O 2,sat is the dissolved O 2 concentration at saturation, and Δ(O 2 /Ar) is the biologically mediated change in O 2 . To compute k O2 , we used daily 10-m wind speed from the National Centers for Environmental Prediction/National Center for Atmospheric Research reanalyses (Kalnay et al., 1996) , weighted to account for wind speed history prior to arrival of the ship (Reuer et al., 2007 ) and the gas exchange velocity parameterization of Wanninkhof (2014) for long-term winds. We used a photosynthetic quotient of 1.4 as in Laws (1991) .
There are known limitations to the use of Δ(O 2 /Ar) to infer NCP, including the assumption of steady state and that vertical mixing is neglected (Shadwick et al., 2017) . The upwelling of O 2 -poor waters would lead to underestimate NCP via the Δ(O 2 /Ar) method (Cassar et al., 2014) . We discuss the implications of these limitations at the end of the results section where NCP rates are presented.
CTD Profiles
Temperature and salinity profiles were measured using a CTD (Sea-Bird 704, Sea-Bird Inc., Bellevue, USA) with dual conductivity and temperature sensors mounted on the CTD rosette (Rosenberg & Rintoul, 2017) . The CTD rosette was also equipped with a fluorometer (ECO-AFL/FL 756, Wetlabs, USA) and a photosynthetic available radiation sensor (QCP2300HP 70110, Biospherical Instruments, San Diego, USA). From the CTD profiles, the depth of the euphotic zone (Zeu) was calculated as the depth at which photosynthetic available radiation reached 1% of surface values (Kirk, 1994) . We calculated the depth of the mixed layer as the depth at which the maximum value of the Brunt-Väisälä frequency (N 2 ) was observed (Karstensen et al., 2017 ). This method is described as the most ecologically relevant to study phytoplankton vertical distribution in coastal Antarctic waters by Carvalho et al. (2017) . However, there were five deeply mixed CTDs in the Dalton polynya for which the maximum N 2 value was found very close to the seafloor and deeper than 250 m. For these CTDs, we estimated the depth of the mixed layer as the depth of the second or third highest N 2 values based on visual estimates.
Samples were collected for salinity, nutrients, Chl a, and photosynthetic parameters. Bottle salinity was determined onboard by conductivity measured with the Guildline Autosal, with a precision of ±0.002 g/ kg. Nitrate and nitrite (NO x ), silicic acid, phosphate, and ammonium concentrations were determined four months postcruise at the CSIRO laboratory (Hobart, Australia) with a Seal AA3 segmented flow instrument following the methods of Wood et al. (1967) , Armstrong et al. (1967) , Murphy and Riley (1962) , and Kérouel and Aminot (1997) , respectively (Rees et al., 2019) . Samples had been frozen at −20°C for NO x , phosphate, and ammonia and refrigerated for silicic acid, which may have induced errors. The precision for reactive NO x was ±0.02 μM; for reactive phosphate, ±0.02 μM; and for reactive silicic acid, ±0.2 μM. Nutrient concentrations from previous cruises in the Dalton and the Mertz polynyas are also reported in this study with similar measurement precision (Rosenberg & Rintoul, 2010 .
Samples for Chl a were collected at five to six discrete depths from the surface down to 200 m. Samples were filtered, extracted, and measured as described previously for sea surface Chl a samples from the underway system. Fluorescence from the CTD and bottle Chl a concentration correlated significantly (both for all the measurements and the measurements below 20 m only, r 2 = 0.64 and r 2 = 0.75, p < 0.01, respectively; Figure 2b ). Therefore, we calibrated the CTD fluorescence with the measured bottle Chl a concentrations to obtain full depth profiles for Chl a. As for the underway samples, nonphotochemical quenching may have led to an underestimation of the near-surface Chl a concentration estimated from the CTD fluorescence profile (Buschmann, 1999; Kaufman et al., 2014) . In the Ninnis polynya, the fluorescence in the upper 20 m was slightly higher during the low-irradiance period (8 PM to 6 AM) than during the high-irradiance period (6 AM to 8 PM), but within the range of the standard deviation (data not shown). Nonphotochemical quenching was not observed in the Mertz and the Dalton polynyas. Therefore, we believe that nonphotochemical quenching did not affect the main results of this study, that is, the strong biomass differences observed between the three polynyas. Nonetheless, to minimize the possible effect of nonphotochemical quenching, we used the relationship derived from the measurements below 20-m depth.
Photosynthetic parameters such as F v /F m , the maximum quantum yield of photosystem II, were measured on 20-mL dark adapted (4°C in the dark for 30 min) water samples using a pulse-amplitude modulated fluorometer (Water-PAM, Waltz, Effenberg, Germany). Before analyzing daily batch of samples, an Ultra High Purity (Milli-Q) water blank was read. Vials were rinsed 3 times with Milli-Q water between samples to prevent any cross contamination. Sides of the vials were wiped with KimWipes to ensure that no water droplets or fingerprints were left on the glass before analysis.
The ratio of stable oxygen isotopes in seawater (δ 18 O) was extracted from water samples collected at several depths in the Mertz and Ninnis polynyas. To extend the analysis to the Dalton polynya, δ
18
O measurements from the Dalton and the Mertz polynyas from a previous cruise (2014) (2015) are used (Aoki et al., 2017; Silvano et al., 2018) . From this previous cruise, only the CTD stations that were the closest to the present cruise's CTDs are used, that is, no farther than 50 km. In 2014-2015, the δ
O measurements were performed with a Finnigan DELTAplus mass spectrometer at the Institute of Low Temperature Science, Hokkaido University, Japan. The measurements precision of the duplicate samples was 0.02‰. In 2016-2017, the δ 18 O measurements were performed with a VG Isogas SIRA dual-inlet mass spectrometer at the Central Science Laboratory, University of Tasmania, Australia. The measurement precision of the duplicate samples was < 0.05‰. The fractions of sea ice melt and meteoric water (which originates from direct precipitation into the ocean or the melting of glacial ice: icebergs and ice shelves) were determined from oxygen isotopes and salinity following (Meredith et al., 2008) and Silvano et al. (2018) .
We justify the use of δ 18 O 2 isotopes from a previous cruise as it took place at the exact same time of the year (i.e., late December 2014 to early January 2015) and in the same areas of the Dalton and Mertz polynyas (Aoki et al., 2017; Silvano et al., 2018) . Furthermore, potential temperature versus salinity (Θ-S) diagrams of the CTDs in the Dalton and the Mertz polynyas during both the 2014-2015 and the 2016-2017 cruises show that oceanographic conditions were very similar between the two cruises ( Figure A1 in Appendix A). In addition, the sea ice melt and meteoric water fractions in the Mertz polynya were very similar between the 2014-2015 and 2016-2017 cruises as explained in section 4 below. Therefore, we consider that the sea ice melt and meteoric water fractions estimated in 2014-2015 represent well the 2016-2017 conditions at this time of the year. Furthermore, various water masses were identified from the Θ-S diagrams, such as Ice Shelf Water (ISW) which was defined as water with potential temperature lower than that of the freezing point at 50 dbar and modified CDW (mCDW) as water with salinity higher than 34.6 g/kg and potential temperature above −1.5°C (Aoki et al., 2017).
Satellite Data
Sea surface Chl a was derived from the Sea-Viewing Wide Field-of-View Sensor and the Moderate Resolution Imaging Spectrometer aboard NASA's Aqua satellite. We used the 9-km level-3 seasonal (i.e., austral summer) and eight-day composite images of sea surface Chl a for the period 1997-2017 obtained from the ocean color data distribution site: http://oceandata.sci.gsfc.nasa.gov/.
Daily sea ice concentration from 1997 to 2017 was estimated from the NASA's Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) and Defense Meteorological Satellite Program (DMSP)-F13, -F17, and -F18 Special Sensor Microwave/Imager (SSM/I), obtained from the National Snow and Ice Data Centre, University of Colorado in Boulder, CO (http://nsidc.org), as processed using the NASA team algorithms (Cavalieri et al., 2008 ) with a spatial resolution of 25 km.
Results
In the following section, we detail the main physical and biological features of the Mertz, Ninnis, and Dalton polynyas. We show that the phytoplankton biomass and NCP were significantly higher in the Mertz and Ninnis polynyas than in the Dalton polynya.
Physical Properties
The center of the Dalton polynya was relatively warm with sea surface temperature ranging from 0.0 to 1.5°C. Sea surface temperature was lower (−1.0°C) on the edges of the polynya, close to sea ice in the northern and western parts of the polynya, and next to the Moscow University Ice Shelf in the southeast corner of the polynya (Figure 3a ). Sea surface salinity was elevated throughout the Dalton polynya (34.0 to 34.5 g/kg) but lower on the edges (between 32.0 and 33.5 g/kg), in particular close to sea ice in the northern and southwestern parts of the polynya (Figure 3b ).
Sea surface temperature was generally relatively high throughout the Mertz and Ninnis polynyas, ranging from 0.0 to 1.5°C (Figure 4a ). Sea surface temperature was lower than 0.0°C southeast of the Ninnis polynya close to land-fast sea ice and northwest of the Mertz polynya. Sea surface salinity was lower in both the Mertz (ranging from 32.5 to 33.5 g/kg; Figure 4b ) and the Ninnis (~34.0; Figure 4b ) polynyas than in the Dalton polynya (34.0 to 34.3 g/kg; Figure 3b ). This lower sea surface salinity may indicate that the Mertz and Ninnis polynyas experienced more sea ice melting than the Dalton polynya. Below 50 m, salinity was lower in the Dalton polynya (34.3 to 34.6 g/kg) than in the Mertz and Ninnis polynyas (34.5 to 35.0 g/kg), probably indicating that the Mertz and Ninnis polynyas had also seen more sea ice formation, and therefore brine formation, in the previous winter.
Phytoplankton Biomass
Sea surface Chl a was very high in the Dalton polynya (up to 15 μg/L), particularly in the south and east (Figure 3c ). In the Mertz and the Ninnis polynyas, sea surface Chl a was lower than in the Dalton, with maximum surface values of~8 μg/L. There, the highest Chl a patches were observed near the Mertz Glacier Tongue and southeast of the Ninnis polynya (Figure 4c ).
In the Dalton polynya, Chl a was lower in the northern transect (Dalton 1; Figure 5b ) than in the southern transect (Dalton 2; Figure 5c ). In the northern transect, Chl a was low throughout the water column in the northwest and north of the polynya and high in the northeast (up to 2.0 μg/L; Figure 5b ). In the northeast and east, Chl a was distributed homogeneously from the surface down to~150-m depth. This corresponded to where the polynya was deeply mixed, with a ML as deep as 150-200 m in that part of the polynya (Figure 5b ). Along the southernmost boundary of the Dalton polynya, Chl a was relatively high (up to 4.9 μg/L) from the surface to~50-to 80-m depth (Figure 5c ), except in the southeast of the polynya where the water column was deeply mixed and Chl a was lower (up to 2.5 μg/L).
In the Mertz and Ninnis polynyas, maximum Chl a was consistently found in a subsurface maximum layer between 20-and 70-m depth (Figure 6 ). The water column was strongly stratified in both polynyas (Figures 6b-6f ), which likely facilitated this distribution. Since Chl a concentration was very high in the subsurface layer of the Mertz and Ninnis polynyas (up to 9.8 and 11.2 μg/L, respectively), the integrated Chl a stocks from the surface to 200-m depth were significantly higher (ANOVA F value = 40.54, N = 59, p < 0.00001) in the Mertz and Ninnis polynyas (158 to 507 and 152 to 453 mg Chl a/m 2 , respectively;
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Photosynthetic Parameters
In all three polynyas, the maximum quantum yield of photosystem II (F v /F m ) was below the theoretical optimum of 0.65 for phytoplankton growth (Schreiber, 2004; Figure 8 ). In the Dalton polynya, the maximum values of F v /F m ranged from 0.42 to 0.60 from the southwest to the northeast of the polynya (Figure 8a ). F v /F m was lower in the north and northwest, 0.12 to 0.32. In the Mertz polynya, the maximum values of F v /F m ranged from 0.37 to 0.53 (Figure 8b ). In the Ninnis polynya, the maximum values of F v /F m were slightly higher than in the Mertz polynya, ranging from 0.42 to 0.55 (Figure 8b ). In general, the maximum yield of photosystem II at the depth of the chlorophyll maximum was not significantly different between all three polynyas: 0.39 ± 0.18 for the Dalton polynya, 0.40 ± 0.07 for the Mertz polynya, and 0.44 ± 0.11 for the Ninnis polynya (ANOVA F value = 1.02, N = 69, p = 0.37).
Primary Productivity
The distribution of surface Δ(O 2 /Ar) was consistent with the distribution of the phytoplankton biomass (Figures 7 and 9 ). It indicated both biological undersaturation and supersaturation (−8 to +8%) in the Dalton polynya (Figure 9a ) with net autotrophy occurring along the coast and the Moscow University Ice Shelf (Figure 9c ). In the north of the polynya, a combination of low biomass and heterotrophic respiration led to a negative Δ(O 2 /Ar), while the water column was strongly stratified (Figure 5b ). In the southeast of the polynya, vertical mixing of the water column led to a negative Δ(O 2 /Ar) (Figure 9a and see below). As a result, in the Dalton polynya, there was a large range of NCP values, from −60 to +75 mmol C m −2 d −1 (Figure 9c ).
In contrast, the Mertz and Ninnis polynyas showed strong biological supersaturation of the O 2 /Ar ratio (between 5 and 12%; Figure 9b ), suggesting that these two polynyas were net autotrophic (Figure 9d ). The NCP estimated for the Mertz and Ninnis polynyas was less variable (10 to 60 mmol C m −2 d −1 ; Figure 9d ) than in the Dalton polynya. As a result, Δ(O 2 /Ar) was significantly higher in the Mertz and Ninnis (average of 7.2 ± 3.1%) than in the Dalton polynya (average of −0.4 ± 4.5%, ANOVA F value = 3,904, N = 4,020, p < 0.0001). As discussed in section 2, in high latitudes, neglecting vertical mixing may lead to the underestimation of NCP via the Δ(O 2 /Ar) method. In the present study, given the shallow ML we observed in the Mertz and Ninnis polynyas (Figure 6 ) and some parts of the Dalton polynya (Figure 5 ), the entrainment of O 2 -poor waters from deeper layers was unlikely. The only exception is for the southeast of the Dalton polynya where the water column was completely mixed (Figure 5 ). This could explain the strong O 2 /Ar biological undersaturation (Figure 9a ), whereas phytoplankton biomass was relatively high in that part of the polynya (up to 2.5 μg/L; Figure 5b ). Therefore, NCP estimates derived from Δ(O 2 /Ar) in that area were likely underestimated.
In comparison, the NCP prior to sampling was assessed through the drawdown of nitrate and phosphate in the upper 200 m (Figures 7c and 7d) , following Moreau et al. (2013) . For this, the deep (200 m) nitrate and phosphate values were considered as representative of winter concentrations in surface waters before the onset of the production season (early November); the nutrient drawdown was transformed to carbon units following Redfield et al. (1963) . The observed nitrate and phosphate concentrations in the upper 200 m in the three polynyas are presented in Figure A2 in Appendix A. Phosphate-derived integrated NCP was significantly correlated with that retrieved from nitrate drawdown (r 2 = 0.87, N = 55, p < 0.01).
Throughout the rest of the manuscript, we use the integrated NCP derived from nitrate drawdown (Figures 7c and 7d) . Results are consistent with the distribution of the integrated phytoplankton biomass. That is, NCP was significantly higher in the Mertz and Ninnis polynyas (2.6 to 8.9 and 3.0 to 5.7 mol C/m 2 , respectively; Figure 7d ) than in the Dalton polynya (0.3 to 4.7 mol C/m 2 ; Figure 7c ; ANOVA F value = 25.16, N = 55, p < 0.01). Results are also consistent with the distribution of the NCP estimates derived from Δ(O 2 /Ar) even though they represent the mixed layer NCP integrated on a much longer time scale, that is, from the start of the growing season.
Finally, to understand the main drivers of primary productivity in the three polynyas, we ran nonparametric Spearman rank-order correlations between the NCP derived from nitrate drawdown in the mixed layer, the Chl a integrated in the upper 200 m, and the various physical properties encountered in the polynyas. These results are presented in Table 1 and discussed throughout section 4. 
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No dense shelf water (DSW) formation has been observed in the Dalton polynya (Silvano et al., 2017; Williams et al., 2011) . Warm mCDW is widespread on the continental shelf surrounding the Totten Ice Shelf, and is persistently found in the Dalton polynya (Silvano et al., 2017 (Silvano et al., , 2018 . The absence of DSW allows Note. The data used for this correlation matrix are from the 2014-2015 and the 2016-2017 cruises in the Dalton, Mertz, and Ninnis polynyas (see section 2). Significant Spearman rank-order correlation coefficients are shown as bold and underlined if significant with p < 0.01 and an absolute coefficient higher than 0.5. NaN values are reported for the correlation between ISW and mCDW layer and depth because these water masses only co-occurred at two CTD stations.
Journal of Geophysical Research: Oceans mCDW to fill the bottom layer of the shelf and be transported, through troughs, to the base of the Totten Ice Shelf , where its heat content would melt the base of the ice shelf. This mechanism could explain why the Totten Ice Shelf is melting at very high rates, comparable to West Antarctic ice shelves (Rignot et al., 2013) . The neighboring Moscow University Ice Shelf also has comparably high rates of basal melting (Rignot et al., 2013) , possibly also under the influence of mCDW (Silvano et al., 2017) . The buoyant glacial meltwater from these ice shelves might have a strong influence on the primary productivity of the adjacent coastal waters (e.g., Herraiz-Borreguero et al., 2016), by affecting both the hydrography and the supply of nutrients to the area.
The Mertz and Ninnis polynyas correspond to one of the main four regions where AABW forms, together with the Weddell Sea, the Ross Sea, and Cape Darnley (Ohshima et al., 2016; Rintoul, 1998) . In February 2010, the B09B iceberg collided with the Mertz Glacier Tongue, calving a 78 × 40-km giant iceberg, named C28 (Young et al., 2010) . Following this event, icebergs, including large sections of B09B, grounded in the Adelie Depression, west of the Mertz Glacier, which strongly modified the entire icescape of the Mertz and Ninnis polynyas. As a consequence, the production of sea ice in the Mertz polynya decreased by~20% immediately postcalving (Tamura et al., 2012 ) and by~40% subsequently (Ohshima et al., 2016) , resulting in a significant decrease in AABW production (Snow et al., 2018) . In terms of primary productivity, Shadwick et al. (2013 Shadwick et al. ( , 2017 showed that NCP in the Mertz polynya has doubled postcalving (i.e., 2012 and 2013) compared to precalving (2001 and 2008) . These effects are similar to the breakup of the Larsen A Ice Shelf in January 1995, which created new areas of highly productive open water in the Weddell Sea (Bertolin & Schloss, 2009 ). The breakup of glaciers and ice shelves along the whole Antarctic Peninsula may have increased productivity by up to 3.5 Tg C m −2 yr −1 (Peck et al., 2010) . In the context of this work, the changing icescape of the Mertz and Ninnis compared to the Dalton may have had a significant impact on the productivity of the three polynyas.
Drivers of Phytoplankton Biomass in Three East Antarctic Polynyas
Despite having similar optimal growing conditions (F v /F m ; Figure 8 ), the integrated phytoplankton biomass and nitrate-derived NCP were significantly higher in the Mertz and Ninnis polynyas (158 to 507 and 152 to 453 mg Chl a/m 2 and 2.6 to 8.9 and 3.0 to 5.7 mol C/m 2 , respectively; Figures 7b-7d) compared to the Dalton polynya (9 to 304 mg Chl a/m 2 and 0.3 to 4.7 mol C/m 2 ; Figures 7a-7c ). In the following sections, we investigate the main drivers of primary productivity in Antarctic polynyas that could explain the observed differences. To do this we pool the physical, environmental, and biological data from the present (2016) (2017) cruise to the Dalton, Mertz, and Ninnis polynyas with the same type of data from a previous (2014) (2015) cruise in the Dalton and Mertz polynyas (Aoki et al., 2017; Silvano et al., 2018) .
Stratification and Light Penetration
Stratification is usually required to trigger phytoplankton growth in Antarctic polynyas (Arrigo et al., 2003) . Overall, the ML depth was significantly and positively correlated with sea surface temperature averaged over the upper 20 m (r 2 = 0.25, N = 58, p < 0.01) in the Dalton, Mertz, and Ninnis polynyas. The water column was strongly stratified in the Mertz and Ninnis polynyas with average ML depths of 20.2 ± 8.1 and 18.1 ± 10.6 m, respectively. The water column was more deeply mixed in the Dalton polynya: the ML depth was 50.0 ± 36.7 m on average, excluding five southeast CTD casts (CTDs 9-13 in Figure 5a ). For these five southeast CTD casts, the ML depth ranged between 90 and 200 m. Strong katabatic winds blew from the southeast for 1.5 days when the Dalton polynya was visited, which delayed sampling. Even though it is unlikely that a single storm event could mix the water column down to 200 m, previous southeasterly katabatic wind events and buoyancy forcing may have completely mixed the water column in the southeast corner of the polynya prior to our visit. The austral summer typically experiences lower winds in east Antarctica, although occasional strong katabatic winds can occur in Adelie Land (Massom et al., 1998; Periard & Pettre, 1993) and thoroughly mix the water column. The shallower ML in the Mertz and Ninnis polynyas could have explained the higher phytoplankton biomass observed there. However, no correlations were found between the ML depth and the integrated Chl a or the integrated NCP estimated from nitrate drawdown (Table 1 ). This suggests that stratification did not drive the contrast in biomass observed in our study.
Note that, even though it did not drive the contrast in biomass in the three polynyas, stratification may have played an important role in phytoplankton physiology. Indeed, the photosynthetic efficiency was lower in the surface waters of the Mertz and the Ninnis polynyas (Figure 8 ), possibly because high visible and
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Journal of Geophysical Research: Oceans ultraviolet radiation photoinhibited the growth of phytoplankton (Fritz et al., 2008; Moreau et al., 2015) . This could explain the distribution of Chl a in the water column (Figures 5 and 6 ). The depth of the subsurface Chl a maximum was similar between the Mertz (31.4 ± 8.6 m), the Ninnis (32.6 ± 10.5 m), and the Dalton (33.5 ± 26.0 m) polynyas, although more variable and less well defined in the latter.
Iron From Glacial Ice
Iron is the main limiting nutrient for primary producers in Antarctic surface waters Tagliabue et al., 2017) . While low-latitude environments of the Southern Ocean may receive atmospheric inputs of iron, coastal Antarctica generally does not , except for places such as McMurdo Sound which is in close proximity to the dry valleys and Mount Erebus volcano (de Jong et al., 2013) . The main sources of iron to coastal Antarctica are (1) melting ice shelves, glaciers, and icebergs, particularly if marine ice is present Lin et al., 2011) ; (2) upwelled iron-rich mCDW interacting with Fe-rich sediments (de Jong et al., 2012; Measures et al., 2013; Sherrell et al., 2015) ; and (3) sea ice (Lannuzel, Vancoppenolle, et al., 2016) . We examine each of these sources in this and the following two sections.
The influence of melting ice shelves and glaciers on coastal Antarctica's iron pool has been demonstrated in some areas like the Amundsen Sea and Prydz Bay (Gerringa et al., 2012; Herraiz-Borreguero et al., 2016) . Gerringa et al. (2012) found that the dominant pool of dissolved iron that fuels the very large phytoplankton blooms in the Amundsen Sea comes from melting at the base of the Pine Island Glacier. Herraiz-Borreguero et al. (2016) suggested that the dissolved and particulate iron from the marine ice present under the Amery Ice Shelf is the primary source of iron that sustains the phytoplankton bloom in Prydz Bay, which is the second most productive bloom in Antarctica, after the Amundsen Sea (Arrigo et al., 2015) .
While intrusions of warm mCDW onto some continental shelves of Antarctica accelerate the melting of ice shelves, such as the Pine Island Ice Shelf (Dutrieux et al., 2014) , only relatively cold dense shelf water (DSW) reaches the cavities below the Mertz Glacier Tongue and the Ninnis Ice Shelf . Following basal melting, newly formed ISW exits the ice shelf cavity at the calving front and is potentially rich in iron . At the Mertz Glacier, this outflow is strongest on the western side of the ice front but relatively deep (>200-m depth; Figure 10b ). In the Ninnis polynya, our results indicate the presence of ISW between 250 and 700 m throughout the polynya (Figure 10b ). The outflow of glacial meltwater from the Totten Ice Shelf is located on the western side of the calving front (Silvano et al., 2017) , and is not likely to directly influence primary productivity in the Dalton polynya. However, the outflow of ISW from the Moscow University Ice Shelf is widespread along the coast and relatively shallow (50-to 100-m depth), south of the Dalton polynya (Figure 10a ; Silvano et al., 2017) . This area corresponds to where productivity is the highest in the Dalton polynya ( Figures 5, 7a , and 7c), suggesting that glacial meltwaters from the Moscow University Ice Shelf may sustain part of the primary productivity in this polynya.
In comparison to the very localized ISW, we observe, as in Silvano et al. (2018) , that meteoric water is distributed throughout the water column in the Mertz and the Ninnis polynyas and in the upper 400 m in the Dalton polynya, as a remnant of previous years accumulation (Figure 11a ). The origin of meteoric water is either direct precipitation into the ocean or the melting of ice shelves and icebergs and can, as for ISW, be used as a proxy for the presence of glacial meltwater. However, in the present study, neither the integrated phytoplankton biomass nor the NCP derived from nitrate drawdown were correlated to either the meteoric water fraction in the top 500 m, the depth at which ISW was encountered in the water column or the thickness of the ISW water layer (Table 1) . Therefore, even though glacial meltwater may have played a localized role in phytoplankton dynamics (e.g., south of the Dalton polynya), this result suggests that glacial meltwater is not the primary driver of the strong differences we observed in the phytoplankton biomass and NCP between the Dalton, Mertz, and Ninnis polynyas. Our findings contrast with recent studies which showed that glacial meltwater is the main driver of primary production in the coastal waters of the Amundsen Sea and the west Antarctic Peninsula (Eveleth, Cassar, Doney, et al., 2017; Sherrell et al., 2015) .
Iron From Modified Circumpolar Deep Water
The presence of mCDW has been reported in the Mertz and the Dalton polynyas (Rintoul, 1998; Silvano et al., 2017) , indicating that mCDW is a potential source of iron for these coastal ecosystems (Sedwick et al., 2008) . In the Mertz polynya, DSW occupies the bottom layer on the shelf, and therefore, the lighter
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Journal of Geophysical Research: Oceans mCDW is found at shallower depths (between 100 and 350 m), in CTD stations north of the Mertz Glacier Tongue (Figure 10d ). In the Ninnis polynya, no mCDW was observed (Figure 10d ). In contrast, in the Dalton polynya, where no DSW is formed, the mCDW is the densest water mass on the shelf and occupies the bottom layer of the northern and central part of the polynya, at depths ranging from 300 to 750 m (Figure 10c ). This is consistent with previous observations of mCDW in these polynyas . We observed that both the integrated phytoplankton biomass and NCP significantly and negatively correlated with the depth at which the mCDW was observed (rho = −0.92, p < 0.01 and rho = −0.88, p < 0.01, respectively; Table 1 and Figure 11c ), implying that the shallower the mCDW layer is, the more productive the water column is. However, as the presence of mCDW is not widespread in the Mertz Polynya and mCDW is not observed in the Ninnis polynya (Figures 10c and 10d) , the depth of the mCDW cannot be the sole driver or of the large differences we observed in the phytoplankton biomass and NCP between the three polynyas.
In addition, it is usually assumed that, around Antarctica, the upwelling of CDW on continental shelves through troughs resuspends sediments, a process that increases the iron content of mCDW (de Jong et al., 2012; Measures et al., 2013; Sherrell et al., 2015) . In the Dalton polynya, mCDW was in contact with the sediments, which likely increased its iron content. However, given the vertical distribution of water masses in the Dalton polynya, it is unlikely that mCDW mixed with surface waters (Silvano et al., 2018) . At Mertz, on the other hand, the mCDW is generally not in contact with sediments on the seafloor.
Iron (and Algae) From Melting Sea Ice
This oceanographic campaign took place in late December to early January, at the peak of the sea ice melting season. Air temperature was between −4 and +3°C during our visit to the polynyas. In addition, we studied 
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Journal of Geophysical Research: Oceans seven sea ice floes at or near the Dalton, Mertz, and Ninnis polynyas following Lannuzel, Chever, et al. (2016) . We could visually assess the extremely advanced stage of sea ice decay, both from ship-based and on-floe observations. We therefore envisage that melting sea ice seeded seawater with iron and algae prior to and during our visit to the polynyas (Lannuzel et al., 2008) .
Sea ice melting was likely more intense in the Mertz and Ninnis polynyas than in the Dalton polynya. This is suggested by the sea surface salinity, which was significantly lower in the Mertz and Ninnis polynyas (average of 33.18 ± 0.33 g/kg; Figure 4b ) than in the Dalton polynya (average of 34.01 ± 0.33 g/kg; ANOVA F value = 11,794, N = 11,905, p < 0.0001; Figure 3b ). This is confirmed by the sea ice melt fraction which shows both a strong signal of sea ice growth from the previous winter at depth (i.e., negative sea ice meltwater fraction) and a strong signal of seasonal sea ice melt in the top 70 m of the Mertz and Ninnis polynyas (Figure 11b ). In comparison, in the Dalton polynya, sea ice growth and melt were much less pronounced (Figure 11b ). Moderate Resolution Imaging Spectrometer-Terra visible images suggest that more sea ice drifted across the Mertz and Ninnis polynyas (as can be seen in Figure 1a ) than in the Dalton polynya, which was always free of ice from late October 2016 (https://worldview.earthdata. nasa.gov/).
The sea ice meltwater fraction may explain the higher phytoplankton biomass and NCP observed in the Mertz and Ninnis polynyas compared to the Dalton polynya. Indeed, both the integrated phytoplankton biomass and NCP correlated significantly with the sea ice meltwater fraction (rho = 0.68, p < 0.01 and rho = 0.80, p < 0.01, respectively; Table 1 and Figure 11d ). To corroborate the importance of sea ice melt in the Mertz polynya, Shadwick et al. (2013) found that the change in icescape, following the calving of the Mertz Glacier Tongue, reduced the surface water salinity by 0.775 compared to summer 2008. This increase in sea ice melt and subsequent delivery of both ice algae and iron, which likely continued in the years following the calving of the Mertz Glacier Tongue, may have been responsible for the increase in primary productivity in the Mertz polynya postcalving (Shadwick et al., 2017) . Our results contrast with (2007-2008, 2010-2011, 2012-2013, 2014-2015, and 2016-2017 cruises) and Ninnis (2016 cruise 
Journal of Geophysical Research: Oceans those of Eveleth, Cassar, Sherrell, et al. (2017 ) who observed that, in 2012 , the summer NCP in the waters of the western Antarctic Peninsula was linearly related to the meteoric water content, but less so to the sea ice meltwater fraction. This difference may be explained by the strong changes in sea ice phenology which are taking place in west Antarctica compared to east Antarctica (Stammerjohn et al., 2012) .
Phytoplankton Composition
In East Antarctica, phytoplankton communities are usually dominated by diatoms and Phaeocystis sp. in summer (December-January), before shifting to small flagellates in fall after nutrients have been exhausted (Davidson et al., 2010; Waters et al., 2000; Wright & van den Enden, 2000) . Sambrotto et al. (2003) reported a prevalence of Phaeocystis east of the Mertz Glacier Tongue in December to January 2000-2001, coinciding with mixed layer depths between 20 and 50 m, while diatoms dominated everywhere else in the Mertz polynya where stratification was more pronounced. A large drawdown of silicic acid was consistently observed in the surface waters of the Mertz polynya during this and previous austral summer voyages to the region (Figure 12b ). In the Ninnis polynya, the drawdown of silicic acid from the mixed layer was not as strong as in the Mertz (Figure 12b ). And, in comparison, no silicic acid drawdown was observed in the Dalton polynya (Figure 12a ). The strong depletion in surface silicic acid in the Mertz polynya suggests that diatoms were actively growing in the area at or prior to the time of our study, while a different community may have dominated in the Ninnis and Dalton polynyas.
The composition of the phytoplankton community was further elucidated by the nutrient ratios observed in the mixed layer. In the Mertz polynya, the slope of the N:P line was low (13.4; Figure 12c ) but for Si:N it was high (1.5; Figure 12d ), both of which are typical of diatom-dominated phytoplankton communities (Arrigo et al., 1999; Henley et al., 2017) . In comparison, the high N:P (18.0) and low Si:N (0.2) slopes observed in the 
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Dalton polynya (Figures 12c and 12d ) are typical of nondiatom phytoplankton communities and of lower latitudes (Martiny et al., 2013) , and consistent with the absence of silicic acid drawdown in the mixed layer (Figure 12a ). The fairly high N:P (17.9; Figure 12c ) and low Si:N (0.5; Figure 12d ) slopes observed in the Ninnis polynya together with the small drawdown of silicic acid in the mixed layer (Figure 12b ) suggest a mixed phytoplankton community. These trends were confirmed by looking at the distribution of N* (= NO 3 − − 16*PO 4 3− ) and Si* (= Si (OH) 4 -NO 3 − ). N* decreased from the surface to 100 m in the Mertz and Ninnis polynyas, similarly to observations from the Antarctic Peninsula where diatoms are dominant (Henley et al., 2018) , and unlike in the Dalton (Figure 12e ). The increase of Si* from the Journal of Geophysical Research: Oceans surface to 100 m in the Mertz polynya (Figure 12f ) might indicate a faster remineralization of organic matter than the dissolution of biogenic silica (Henley et al., 2017) . The differences in Si:N slopes, N*, and Si* between the polynyas could also be due to different nutrient ratios at the source, presumably deeper water masses, as well as iron-limited diatom communities (Assmy et al., 2013; Takeda, 1998) . These trends were also confirmed by microscope analyses of the phytoplankton communities at the depths of the maximum Chl a concentration. In the Mertz polynya, the community was dominated by diatoms (Fragilariopsis curta and F. cylindrus). In the Ninnis polynya, the community was dominated by diatoms and small flagellates including Phaeocystis antarctica. In the Dalton polynya, the community was dominated by small flagellates including P. antarctica.
Finally, the absence of diatoms in the Dalton polynya is consistent with retrieved cores of diatomaceous oozes from this area (Leventer et al., 2014) . In this study, the authors reported unusual floral assemblages in a Holocene diatom-rich sediment core retrieved from the midshelf. The diatoms species found there were typical of the open Southern Ocean, suggesting north-south advection of diatoms onto the shelf and the absence of diatoms in the polynya. In comparison, in the Mertz polynya, Sambrotto et al. (2003) observed geographical differences in silicic acid to NO x deficit ratios, possibly reflecting geographical patterns of phytoplankton composition but also iron distribution. The authors argued that the correlation between iron and silicic acid to NO x deficit ratios can be explained by the iron requirements for the reductive assimilation of nitrate. As a result, the most productive areas of the Mertz polynya, as shown by the authors' observations of surface water O 2 and ΔpCO 2 , corresponded to vigorous diatom growth at elevated iron levels .
Implications for the Carbon Cycle: Air-Sea CO 2 Fluxes and Carbon Export
The spatial differences in phytoplankton biomass and primary productivity reported in the present study are consistent with the last 20 years of satellite estimates (Figure 13 ). During that period, the average satellitederived phytoplankton biomass in the Dalton polynya was relatively high (>0.5 μg/L) for only a handful of years (2006 -2014 Figure 13a ). These corresponded to low sea ice cover years (with an average summer concentration of 27, 37, and 45%, respectively; Table 2 ), although years with low sea ice cover did not always show high biomass (1997-1998, 2001-2002, 2008-2009, and 2015-2016 ; Table 2 ). Over the same period, the Mertz and Ninnis polynyas have comparatively been more productive (Figure 13b ). In comparison, the average summer Chl a concentration was 4.1 ± 2.5 times higher in the Mertz and Ninnis polynyas than in the Dalton over the last 20 years (Table 2) . Shadwick et al. (2013 Shadwick et al. ( , 2017 showed that NCP in the Mertz polynya was twice as high postcalving (2012 and 2013) than precalving (2001 and 2008) . This trend is confirmed by the satellite data as the mean Chl a in the Mertz and Ninnis polynyas was higher postcalving than during the 2002-2010 period (Figure 13b ). In contrast, the period 1997-2001 was as productive as the present conditions. A detailed study of the sea ice and phytoplankton phenology as in Marchese et al. (2017) could confirm the long-term drivers of primary productivity in the three polynyas described in the present study.
In addition to being of paramount importance to top predators (Raymond et al., 2015) , coastal Antarctic waters are large seasonal CO 2 sinks that correspond to the peak of the production season in summer (Arrigo, van Dijken, & Long, 2008; Moreau et al., 2012; Moreau et al., 2013; Mu et al., 2014; Roden et al., 2013; Shadwick et al., 2014) , with a high potential to export organic carbon to the seafloor. As mentioned in section 1, the transfer of anthropogenic carbon to the ocean interior in coastal Antarctic environments such as polynyas could be significant to the global ocean CO 2 sink given the long residence time of AABW (1,000 years; England, 1995) . In terms of carbon export to the seafloor, the continental shelf directly west of the Mertz Glacier Tongue is a site of heavy sedimentation of diatomaceous oozes, with sedimentation rates of~300 cm/kyr (Dunbar et al., 2013) , compared to~53 cm/kyr in the South Atlantic Ocean (DeMaster, 1981) . This emphasizes the potential importance of the biological pump of coastal Antarctic environments such as polynyas in the global carbon cycle.
Conclusion
Despite similarly optimal growing conditions (F v /F m ), we observed significantly higher integrated phytoplankton biomass and nitrate-derived NCP in the Mertz and Ninnis polynyas compared to the Dalton polynya. The most likely drivers were the shallow inflow of iron-rich modified Circumpolar Deep Water onto the shelf as well as a very large sea ice meltwater contribution. The productivity contrast between the three polynyas could not be explained by (1) the meteoric water fraction, (2) the presence of Ice Shelf Water, or (3) stratification of the mixed layer. In addition, we observed different phytoplankton communities between the polynyas. Diatoms were thriving in the Mertz and Ninnis polynyas but not in the Dalton polynya where P. antarctica dominated the community, with possible consequences for carbon export and higher trophic levels. Our study highlights how productivity of Antarctic coastal polynyas can vary strongly, reflecting physical drivers like input of sea ice melt or iron supply by mCDW. The impacts of climate change on Antarctic coastal productivity are therefore also likely to vary strongly with location and the nature of future changes in the ocean and cryosphere.
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